Attentional repulsion is described as the perceived displacement of a vernier stimulus in a direction that is opposite to a brief peripheral visual cue (Suzuki & Cavanagh, 1997) . Here, we demonstrate that visual repulsion can also be elicited using lateralized sounds. Given that repulsion is believed to be occurring in early retinotopic visual areas, these results raise the possibility that the location of a sound could directly inXuence the pattern of activity as early as primary visual cortex. 
Introduction
Focused attention to a visual cue spatially repels brieXy presented stimuli away from the point of attentional focus (Suzuki & Cavanagh, 1997) . In these "attentional repulsion" tasks, observers are asked to judge the direction of horizontal displacement between two centrally located vertical lines positioned above and below one another (i.e., a vernier display). If a brief peripheral visual cue is presented in one of the corners of the display just prior to the presentation of the vernier stimulus, observers are more likely to misperceive the line closest to that cued location as being horizontally shifted in the opposite direction. In other words, attending to one stimulus serves to repel the perceived position of another.
In the current study, we examined whether or not a lateralized auditory cue would also elicit a repulsion eVect. Soundinduced biases in visual perception have been previously reported during visual motion (Sekuler, Sekuler, & Lau, 1997) as well as visual Xashes (Shams, Kamitani, & Shimojo, 2000) .
With the visual Xashes, electrophysiological recordings suggest that the sounds alter neuronal activity in occipital cortex (Bhattacharya, Shams, & Shimojo, 2002) . Although it has yet to be determined, the repulsion eVect is believed to originate in retinotopic areas of visual cortex, presumably reXecting receptive Weld biases in position-coding cells (Suzuki & Cavanagh, 1997) . Consistent with this, repulsion has been observed during both perception-and action-based tasks (Pratt & Turk-Browne, 2003) , indicating that the eVect occurs before ventral 'perception' and dorsal 'action' pathways have diverged (Goodale & Milner, 1992) . This hypothesis gains further credence from recent Wndings of 'Xexible retinotopy' in which the retinotopic representation of a stationary object is shifted in primary visual cortex depending on the direction of visual motion occurring in the scene . The repulsion phenomenon therefore presents an opportunity to test the eVect of spatially localized sounds on retinotopic processing in early visual areas.
Two visual vernier experiments are described in which each trial was preceded with either a visual or an auditory cue. In previous visual repulsion studies, cues have been presented at the four corner locations of the display. However, given that human listeners are relatively better at discriminating central sound locations along the horizontal as opposed to the vertical plane (Middlebrooks, 1992 (Middlebrooks, , 1997 ambiguity about the vertical location of the auditory cues. Additionally, and in contrast to previous repulsion studies, we also employed a non-lateralized cue located along the vertical midline above the top line of the vernier stimulus to assess the relative strength of cues presented on the left and right sides.
Methods

Observers
Twenty undergraduate and postgraduate adults from the Department of Psychology at the University of Western Ontario (ranging between 21 and 42 years of age; mean age 29.2; 12 women) participated. All were right-handed, reported normal hearing, had normal or corrected-to-normal vision, were unfamiliar with the purpose of the experiment, and provided informed consent prior to inclusion in the experiment.
Design
The experiment was conducted in a dark, soundproof chamber. Using a PC computer and Superlab software (The Experimental Laboratory Software, version 2.0.4; Cedrus Corporation, San Pedro, CA), visual stimuli were presented on a 19Љ LCD monitor at a resolution of 1024 £ 768 pixels. Sounds were delivered through three 2Љ diameter external speakers mounted on the edge of the LCD monitor. A chin-rest ensured that each participant's head was Wxed straight-ahead at a viewing distance of 60 cm.
Stimuli and procedure
All visual stimuli appeared white on a black background. A sample trial is illustrated in Fig. 1 . Trials began with the presentation of a central Wxation point (0.2° in diameter) that remained on screen throughout the trial with the exception of the mask display. An auditory or visual cue was presented 1000 ms later. In the case of the auditory cueing experiment, the cue consisted of a broadband noiseburst (20-20,000 Hz; 5 ms cosine ramp; 20 ms duration) presented from one of three loudspeakers located at horizontal/vertical eccentricities of ¡18°/8.5° (upper left), 0°/15.8° (upper middle), or 18°/8.5° (upper right) relative to the Wxation point. Pilot testing determined that when asked to localize noisebursts randomly presented from the three speakers ("left," "middle," or "right"), listeners were easily able to do so. Noiseburst intensity arriving at the centre of the chinrest was measured to be 59.7, 61.4, and 60.3 dB SPL (Brüel and Kjaer sound level meter type 2260). To ensure that any auditory Wndings were not due to acoustic asymmetries in the apparatus and/or test room, half of the participants completed the auditory experiment under an experimental set-up in which the entire testing apparatus was moved to an adjacent wall in the sound chamber, and the left and right audio speakers were interchanged. Under these conditions, noiseburst intensity arriving at the centre of the chinrest was measured to be 61.6, 61.1, and 61.0 dB SPL from the left, middle and right speakers, respectively. In the case of the visual cueing experiment (conducted on a later day), the cue consisted of a white circle (1.5° in diameter) brieXy presented for 20 ms at horizontal/vertical positions of ¡6.4°/6.4° (upper left), 0°/8.4° (upper middle), or 6.4°/6.4° (upper right) from the Wxation point.
Following the presentation of the cue in the auditory and visual experiments, there was an interstimulus interval (ISI) of either 50 or 100 ms (randomized from trial-to-trial, but equiprobable over a session). The vernier target was then presented (two vertically aligned lines), centred 6.4°a bove and below the Wxation point. Each line was 1.7° long and 0.1° wide, with the bottom line always appearing on the vertical midline (directly below the location of the Wxation point). The top line appeared in one of Wve locations; to the left of the bottom line (¡0.6°, ¡0.3° positions), directly above the bottom line (0° position), or to the right of the bottom line (+0.3°, +0.6° positions). The target was displayed for 100 ms and then replaced by a bright pattern mask (consisting of 150 randomly positioned small white squares) for 250 ms. Participants were instructed to remain Wxated on the Wxation point throughout the duration of the trial and to indicate in a forced-choice manner whether the top vernier line was to the left or right of the bottom vernier line. 'Left' was indicated by pressing the "z" key with the left index Wnger; 'right', by pressing the "/" key with the right Wnger. Participants were informed that the other stimulus that they would hear or see provided no information as to whether the top line in the vernier display would be to the right or left of the bottom line. Following the participant's response, there was an 800 ms interval before the next trial began.
After completing a minimum of 20 practice trials, the lights were turned down so that the loudspeakers could not be seen, and each participant completed four blocks of 75 trials. Over the course of each session, the location of the cue and the position of the upper target line were randomized.
Data analysis
For analytic purposes, the percentage of "left" responses (i.e., "the top line appeared to the left of the bottom line") was calculated for each of the Wve vernier positions in each of the three types of cue locations. Shifts in the overall perception of vernier alignment were assessed for each participant by Wtting a sigmoid function (one for each cue location) to the response data at the diVerent vernier oVsets (GraphPad Prism Version 4.0). The two-parameter equation deWning the curve was Y D 1/(1 + e ((V50 ¡ X)/Slope) ), where V50 represents the midpoint (i.e., the vernier oVset value associated with a 0.5 proportion of "left" responses). Accordingly, attentional repulsion would be reXected as a shift in the V50 value between the left and right cueing conditions. Ideally, V50 should be shifted in the negative direction for the left cueing condition (greater overall proportion of "right" responses) and in the positive direction for the right cueing condition (a greater overall proportion of "left" responses). Statistical quantiWcation was performed using analyses of variance (ANOVA) on the V50 and slope values obtained from Wtting curves to each participant's data.
Results
Although participants completed the auditory task before the visual task (to minimize awareness of the auditory cue), we present the Wndings from the visual experiment Wrst to establish context with previous repulsion studies. Data from the visual condition for one participant was dropped because of diYculty Wtting sigmoids to her data. Her data were included, however, in the analysis of the auditory condition.
Visual cueing task
Data from the two ISI types were combined, given that an ANOVA did not reveal any main eVect (F (1,18) D 0.93) or interactions (F (2,36) D 1.02) with ISI. Fig. 2 illustrates the Wtted curves for each cueing condition based on the mean V50 and slope values obtained from each participant's sigmoid Wt. The mean R 2 values associated with the individual Wts were 0.89 (0.04 standard error), 0.95 (0.02), and 0.95 (0.01), for the left, middle and right cue conditions, respectively. As expected, regardless of the cue condition, observers tended to make the greatest proportion of left responses when the top line was positioned at the most extreme left oVset (i.e., ¡0.6), making increasingly smaller proportions of "left" responses as the top line was shifted to the right. This indicates that observers were able to discriminate the Wve vernier positions.
Importantly, a repulsion eVect was observed as denoted by a main eVect of cue position on the V50 values (F (2,36) D 16.0, p < 0.001). SpeciWcally, as in previous repulsion studies, vernier judgements preceded by a visual cue to the right of the top line were associated with a greater proportion of "left" responses than were those preceded by a left visual cue (V50 right cue D 0.17, V50 left cue D ¡0.37; p < 0.001). Additionally, the V50 value for the left cue was smaller than that for the middle cue (V50 middle cue D 0.08, p < 0.005). The V50 values associated with the middle and right cue conditions did not diVer (p > 0.1). Finally, there was a main eVect of cue when the slopes were compared (F (2,36) D 3.5, p < 0.05). Pairwise comparisons revealed that the slope of the sigmoid for the left cueing condition was diVerent from that of the sigmoid for the right cueing condition (p < 0.05). None of the remaining slope comparisons were signiWcantly diVerent.
To assess whether or not there was a change in the reported position of the vernier stimulus with respect to a neutral midpoint, we also used t tests to compare the obtained V50 values to a theoretically neutral V50 value of 0 (i.e., where no physical vernier oVset resulted in an equal proportion of left and right responses). Given the expected direction shift in V50 value (i.e., < than 0 for the left cue, and > 0 for the right cue), we employed one-tailed tests for the left and right cue conditions, and a two-tailed test for the middle cue condition. These tests supported repulsion eVects for the left (t (1,18) D ¡3.5, p < 0.005), and right (t (1,18) D 2.3, p < 0.05), but not the middle (t (1,18) D 1.3) conditions.
Having replicated the visual repulsion eVect, we sought to determine whether an auditory cue would also elicit the eVect.
Auditory cueing task
DebrieWng revealed that although many participants were aware of the sounds, most were not conscious of the auditory location changes. As an ANOVA did not reveal any between-subjects eVect of set-up (i.e., speaker and room conWguration), F (1,18) D 1.7, p > 0.2, data from the two groups of ten subjects were combined (N D 20). However, an interaction between cue and ISI was found (F (2,36) D 4.1, p < 0.05), and for this reason, the two ISI conditions were analysed separately.
50 ms ISI
Data and curve Wts for the 50 ms ISI data are shown in Fig. 3 . The mean R 2 values of the individual participant curve Wts were 0.94 (0.01), 0.95 (0.02), 0.93 (0.02), respectively. The overall pattern of the Wtted curves was similar to the data obtained from the visual cue paradigm to the extent that the proportion of "left" responses increased as the amount of right oVset decreased, and that the eVect of cue position, albeit reduced, was most apparent at smaller vernier oVsets. Moreover, there was a main eVect of cue (F (2,38) D 5.6, p < 0.01). However, it was apparent from the Wtted curves that while repulsion was present (i.e., there was an expected curve shift between the right and left cue conditions), it appeared to be driven largely by the left cue. Comparison of the V50 values of these curves replicated the visual Wndings in that the left cue (V50 D ¡0,07) was found to be more negative than the middle (V50 D 0.03; p < 0.005) as well as the right (V50 D 0.03: p < 0.05), but that the middle and right V50 values did not diVer (p > 0.09). There were no diVerences in the slope values (F (2,38) D 0.4).
T tests comparing the obtained V50 values to a value of 0 showed that there was a trend for the V50 for the left cue to be signiWcantly lower than the theoretical 0 (t (1,19) D ¡1.6, p < 0.07); however, neither the V50 for middle cue nor the V50 for the right cue were diVerent from 0 (both p > 0.1).
In summary, as in the visual cueing study the presentation of sound cues 50 ms before the target stimulus shifted the reported position of the vernier oVset. These auditory eVects, however, were markedly reduced, and appeared largely driven by the left cueing condition. Moreover, none of the V50 values diVered from a value of 0.
100 ms ISI
Data and curve Wts for the 100 ms ISI data are shown in Fig. 4 . The mean R 2 values associated with the individual participant curve Wts were 0.97 (0.01), 0.94 (0.01), and 0.98 (0.01) for the left, middle and right sound cueing conditions, respectively. Though the eVects remained smaller than those observed in the visual cueing study, they appeared stronger than those observed in the 50 ms ISI auditory condition, in that attentional repulsion was apparent for both the left and right sounds. SpeciWcally, the left cue resulted in a greater proportion of "right" responses, while the right cue produced more "left" responses. The middle cue appeared to produce an equal proportion of left and right responses. The presence of a repulsion eVect was evidenced by a main eVect of cue (F (2,38) D 17.0, p < 0.001).
Comparison of the V50 values of the Wtted curves (shown in Fig. 4) showed that all cues produced signiWcantly diVerent values from one another. SpeciWcally, the left sound produced a signiWcantly greater proportion of "right" responses (V50 D ¡0.13) than the middle (V50 D ¡0.01; p < 0.005) or the right sounds (V50 D 0.07; p < 0.001). In addition, and unlike in the 50 ms ISI condition, the middle and right cueing conditions were also signiWcantly diVerent (p < 0.05), with the right cue producing a greater proportion of "left" responses.
Finally, a comparison of each V50 value to an expected neutral V50 value of 0 also produced the expected repulsion eVect. In particular, the left sound produced an overall decrease in V50 from 0 (t (1,19) D ¡3.5, p < 0.005), while the right produced an overall V50 increase from 0 (t (1,19) D 1.8, p < 0.05). The middle sound did not produce a V50 value that was diVerent from 0 (t (1,19) D ¡0.2).
Discussion
The present study replicated the repulsion eVect using visual cues and demonstrated that lateralized sounds will also elicit visual repulsion. Given that repulsion is believed to be a product of cue-induced biases in the overall response pattern of the position-coding units found in early, retinotopically organized visual areas (Pratt & TurkBrowne, 2003; Suzuki & Cavanagh, 1997) , the current sound-induced Wndings are intriguing because they suggest that lateralized sounds can directly inXuence the retinotopic response of visual cortex. While it has been shown that retinotopic responses to visual objects can be modulated by the presence of other visual stimuli (Whitney, Westwood, & Goodale, 2003) , we are not aware of similar retinotopic eVects being reported using sounds. To accept this notion Wrst requires a plausible mechanism by which this could occur. Of particular relevance to this point are reports describing inputs from auditory to visual cortex (Clavagnier, Falchier, & Kennedy, 2004; Falchier, Clavagnier, Barone, & Kennedy, 2002; Hikosaka, Iwai, Saito, & Tanaka, 1988) .
For example, retrograde tracer injections into the striate cortex of non-human primates have been found to stain areas of the primary auditory cortex and the superior temporal polysensory area (Falchier et al., 2002) . With respect to the current auditory spatial Wndings, animal (Malhotra, Hall, & Lomber, 2004; Rauschecker & Tian, 2000; Romanski et al., 1999) and human research (Arnott, Binns, Grady, & Alain, 2004) indicate that these temporal areas are involved in sound localization. Along another path, functional evidence from normally sighted individuals (Zimmer, Lewald, Erb, Grodd, & Karnath, 2004) shows that visual cortex can be active when listeners localize sounds, even when no eye movements are made. Finally, it has been observed that sound lateralization is systematically shifted when repetitive transmagnetic stimulation is applied over occipital cortex (Lewald, Meister, Weidemann, & Topper, 2004) . Taken together, these studies provide some context in which auditory and visual cortical areas could inXuence one another. Note also that one might expect soundinduced repulsion eVects on retinotopic areas to have a longer temporal evolution than visually-induced repulsion given the extra stage of auditory integration involved. In this regard, the Wnding that repulsion eVects were stronger at the longer ISI in the auditory but not in the visual cueing task is reasonable. This eVect of ISI also argues against a simple response bias explanation, in that such cognitively mediated eVects would have been expected at both ISIs.
Alternatively, repulsion may be occurring at sites other than (or in addition to) primary visual cortex. The superior colliculus, which is also spatiotopically organized (DuBois & Cohen, 2000) , is a site where auditory and visual maps are converted into a common spatial map (Jay & Sparks, 1984) . Another candidate area includes the parietal cortex, now well established to be involved in auditory as well as visual spatial localization (Arnott et al., 2004; Bushara et al., 1999; Phan, Schendel, Recanzone, & Robertson, 2000) . Further research will be needed to address this.
It is unlikely that unwanted eye movements could account for the repulsion eVect. The vernier task demands high spatial acuity, requiring foveation. Thus, even small eye movements toward the lateralized stimuli would interfere with performance. Moreover, given that repulsion was observed with a total cue-onset and target-oVset duration of 170 ms, it seems unlikely that there would have been enough time to both initiate an eye movement and re-Wxate the vernier target. Typically, the latency of reXexive saccades is on the order of 150-200 ms (Carpenter, 1988; Palmer, 1999) . Furthermore, the fact that a normal vernier function was obtained (albeit oVset by the lateralized cues) strongly suggests that the experienced psychophysical observers in our experiment were maintaining Wxation.
Another novel aspect of the current study was the presentation of a non-lateralized cue located on the vertical midline. It was found that in both the visual (both ISIs) and auditory (50 ms ISI only) experiments, the non-lateralized cue resulted in a vernier target response that resembled trials preceded by a cue located on the right. There are at least two possible interpretations of this result. First, it could the case that there is a spatial or hemiWeld bias in the repulsion eVect. In other words, cues to the left of the vernier target may produce larger repulsion eVects than cues to the right. Alternatively, it is possible that the midline cues were perceived as being more rightward than leftward. Disentangling what is going on awaits additional experiments.
In conclusion, we have shown that lateralized auditory cues can inXuence the perception of the relative location of visual stimuli in a vernier task. Moreover, the direction and asymmetries of the auditory eVects were similar to those observed with visual cues. The demonstration of this phenomenon provides an opportunity for examining the eVects of auditory processing on the retinotopic coding of visual targets in early visual areas.
